The relativistic configuration interaction method of the flexible atomic code (FAC) was used to calculate atomic data for multi-pole transitions in Ar I and Ar II. Large-scale calculations were performed to produce atomic structure and spectra data with ∆n ≠ 0 (n=3→4, 5, 6). Energy levels, oscillator strengths and transition rates are calculated for electric-dipole (E1), electric quadruple (E2), electric octupole (E3), magnetic dipole (M1), magnetic quadruple (M2) and magnetic octupole (M3) transitions. The produced atomic data are important in modeling of M-shell spectra of Ar ions in laser, astrophysics and plasma diagnostics. Correlation effects to all orders are considered in the calculations by the configuration interaction expansion, and all relativistic effects are included. Some calculated energy levels are compared against published values. An excellent overall agreement is observed.
Introduction
Argon is widely used in the manufacturing industry, health sector and also used for lighting and TIG welding purpose. Argon plasma is widely used for fundamental plasma spectroscopy studies as well as for numerous application involving technical plasmas, such as gas lasers and spectra-chemical investigations with inductively coupled plasmas. It is most widely used in plasma discharge devices for a large amount of applications that range from wavelength reference standards to controlled fusion experiment. The kinetics modeling of laboratory as well as astrophysical plasma requires accurate radiative transition rates [1] . The detailed understanding of the atomic structure and the investigations of transition rates in multi-charged ions are of great relevance to plasma diagnostics and astrophysics.
The relative intensities of forbidden transitions are frequently employed as a sensitive tool for plasma density diagnostics and coronal lines analysis [2] . For example the magnetic dipole M1 transitions ratios M1/E1 has been used to determine the electron density of plasma [3] . M1 lines occur at larger wavelengths than E1 lines while they connect to levels in the same electron configurations. If the larger lines extend to visible or near UV range then high resolution techniques can be used to determine detailed information about lines. Due to the weakness of the electric quadrapole transitions (E2), the lifetime within indicated accuracy is determined by the M1 transition. The magnetic dipole M1, and electric quadrupole E2 have been connected to main features in the optical spectra of aurora and planetary nebulae [4, 5] . In stellar and solar plasma Argon ions lines are observed as well as in the laboratory plasma [6] . The spectral lines of argon are used in determination of chemical abundances of elements of stellar plasmas [7] . Several experimental studies investigated Ar plasma sources [7] [8] [9] [10] [11] [12] . Also many studies focused on the transition parameters in argon ions. E. B. Saloman compiled all experimental and theoretical atomic data available in literature for all argon ions starting from Ar II to Ar XVIII [13] . Also they are listed in NIST data base [14] . Some forbidden transition parameters of some Ar ions were reported in several studies [15] [16] [17] [18] [19] [20] [21] . M1and E2 transition parameters for Ar III were recently calculated by L. Özdemir et, al. [22] . Several methods of calculations were used to calculate atomic data for some Ar ions. Multi-configuration Hartree-Fock relativistic (HFR) approach is used to calculate the weighted oscillator strengths and lifetimes for the Ar III [23] . S. N. Nahar used the close-coupling approximation employing the R-matrix method to calculate allowed transitions of ArV. [24] . Also C. A. Ramsbottom et, al. used R-matrix method to compute electron impact excitation collision strengths in Ar IV. [25] . Multi-configuration Dirac Fock (MCDF) method is used for the calculations of M1 transitions in Ar 13+ and Ar 14+ [26] . Leyla Özdemir, et al [22] calculated forbidden transitions magnetic dipole, M1, and electric quadrupole, E2 of doubly ionized argon (Ar III) using the multi-configuration Hartree-Fock approach within the framework of the Breit-Pauli Hamiltonian.
Because of the critical importance of the forbidden lines in plasma temperature and density diagnostic, and the above mentioned importance of argon ions atomic data of allowed and forbidden transitions for astrophysical and laser and laboratory studies. It is noticed the lack of recent data for Ar I. The only available study is reported in 1973 [27] . Also there is a lack of atomic data about magnetic quadruple, magnetic ouctupole, and electric octupole transitions. Most of the motioned studies focused on one or two Argon ions. In this work we aimed at providing comprehensive large scale atomic structure and spectra calculations for multi-pole transitions of Ar (Ar I) and Ar 1+ (Ar II) . The main objective is to produce accurate atomic data that will provide direct access to the important spectroscopic properties of Ar atoms and ions for both allowed and forbidden transitions. By comparing the produced data with other previously calculated data we will benchmark the atomic theories of the methods of calculations. We performed large scale calculations from n=3 to n=4, 5, 6 shell numbers for allowed and forbidden transitions. The calculated atomic data includes the energy levels, oscillator strengths and transition rates for allowed transition (electric dipole E1) and forbidden (multi-pole) transitions, electric quadruple E2, electric octupole E3, magnetic dipole M1, magnetic quadruple M2, magnetic octupole M3. To simulate the Ar experimental spectra we produced synthetic spectra of both allowed and forbidden transitions of the selected Ar ions individually. The produced data are tabulated and discussed along with their theoretical spectra.
Theoretical model
The relativistic multi configuration interaction (RMCI) method is used to perform large scale calculations from n=3 to n=4, 5 and 6 shell numbers of Argon atom (Ar I) and singly ionized Ar ion (Ar II or Ar 1+ ). The Flexible Atomic Code (FAC) [28] is used to perform the calculation. The calculated data of transitions parameters were used to calculate synthetic spectra for both allowed and forbidden transitions [29] . Starting with Dirac equations, ground state configuration for Ar I or Ar II ion is used to construct a fictitious mean configuration with a fractional occupation number that takes into account the electron screening of involved configurations. Bound states are calculated in the configuration mixing approximations with convenient specification of mixing scheme. Modified self-consistent Dirac-FockSlater iteration is performed to derive a local central potential that is used to derive the radial orbitals for the construction of basis states. The energy levels are calculated by digonalizing the constructed Hamiltonian. A correction procedure is applied to reduce errors in the calculated energy levels. The relativistic Hamiltonian (H) for an atomic ion with n electrons (in atomic units) is:
(1) ) ; and bµ are the mixing coefficients obtained by diagonalizing the total Hamiltonian. n is the principle quantum number, k is the relativistic angular momentum which is equal to (lj)(2j+1); m is the magnetic quantum number; l is the orbital angular momentum; and j is the total angular momentum. km is the spin angular function; Pnk and Qnk are the large and small components, respectively. Pnk and Qnk satisfy the coupled Dirac equation for local central field V(r),
Where  the fine is structure constant; and ϵ nk is the energy eigen values of the radial orbitals. V(r) is the sum of nuclear charge contribution potential and the electron-electron interaction potential Ve-e(r).
The electron-electron interaction includes the spherically averaged potential due to bound electrons, and local approximations to the exchange interactions. equation (4) , which follows the approach of SZ code [30] after excluding the selfinteraction term in order to correct the asymptotic behavior at large r. where: (   1  2  3   1  2  3 ) is the Wigner 3-j symbol and r< and r> are the less or grater of r and r ' . The electron-electron contribution to average energy Ee-e is:
The (½) factor to the left of the summation is introduced in order to prevent double counting of electron pairs in the summation.
Dirac coupled equations (equations 2 and 3) are solved by constructing a selfconsistent iteration where a radial orbital from a previous step is used to derive the potential. The standard Numerov method is then used to solve the acquired differential equation. The radial function covers a large radial distance for a given number of grid points. Minimum distances on the radial grid are chosen to be within the nuclear charge distribution. Maximum distances (rmax) cover the excited states up to shell number 20. And bound energies are less than Coulomb potential at rmax. Radiative transition rates are calculated in a single multipole approximation where the initial state is:
calculated atomic data includes: energy levels, wavelengths, transition rates, and oscillator strengths for allowed and forbidden transition. The atomic data are calculated, tabulated and discussed. Doppler line profile at low temperatures is used to convolute the calculated data to synthetic spectra. The spectral lines intensity is normalized to unity in arbitrary units. The spectra for both allowed and forbidden transitions for Ar I and Ar II are shown and discussed along with identifications of their strong transition lines.
Argon Atom (ArI)
Argon (Ar I) has eight valance electrons, the ground electronic configuration is 1s 2 2s 2 2p 6 3s 2 3p 6 , the ground state term is 1 S0. The atomic structure calculations of n=3 yield 27 energy levels, n= 4 yield 1177 energy levels, n=5 yield 1606 energy levels and n= 6 yield to 2114 energy levels of even and odd parities. The 3s sub-shell kept closed through the calculations. The included electronic configurations in the calculations are: 3s 2 3p 6 , 3s 2 3d 6 nl, 3s 2 3p 5 nl, 3s 2 3d 5 nl, where n= 4, 5 and 6, and l spans all the allowed orbital angular momentum for a given n. Table 1 lists some calculated energy levels of n=4 of Ar atom by RCIM of FAC code with the listed data in NIST database [14] . The listed data in NIST is related to the measured energy levels in 1973 [27] . The difference between the calculated data by RCIM and the listed data in NIST is up to 1.2263 eV. We have used another method of calculation to check the validation of RCIM calculated data. We followed the method of multi-reference many body perturbation theory (MR-MBPT) [31] to calculate the energy levels of n=4 shell. The MR-MBPT method and FAC code are both based on relativistic multi configuration interaction method but the former includes the high order corrections of quantum electrodynamics effect (QED) as a second order perturbation theory correction. The maximum difference between energy levels calculated by RCIM of FAC and MR-MBPT is 0.2443 eV. This gives an indication that the calculated data by RCIM of FAC and MR-MBPT of a better agreement than the listed data in NIST. But since NIST Ar I energy levels are related to an old measurement, so we believe the calculated data by RCIM of FAC or MR-MBPT are more accurate. Moreover FAC and MR-MBPT methods did very well in producing accurate data in so many recent published researches as example [31] [32] [33] [34] [35] [36] .
The calculated optically allowed strong transitions by RCIM of FAC code (electric dipole E1) are listed in Table ( 2). The closed sub-shells do not appear in the tables. The strongest transitions lines are grouped into 3p-nd, 3p-ns, 3d-nf transitions, where 3d-nf is the dominant group. The strongest optically allowed transitions lie in a wide spectral range: (236-12705) Å. Figure (1) represents the calculated synthetic atomic spectrum of Ar I with Doppler line profile at low temperatures. The intensity is normalized to unity in arbitrary units (a.u.). The strong transitions lines of the calculated spectrum were identified on it.
The Forbidden transitions (multi-pole) are much weaker than the electric dipole transition. The calculated data of forbidden transitions includes the electric quadruple E2, electric octupole E3, magnetic dipole M1, magnetic quadruple M2, magnetic octupole M3 transitions. They are summarized in Table 2 . The calculated spectra of E2, E3 is shown in figure 2 . In figure 3 5 nl where n=4, 5 and 6, and l spans all the allowed orbital angular momentum for a given n. Table (4) show part of energy levels table that was calculated by FAC code and the MR-MBPT method compared with available data in NIST database. The maximum difference between the energy values calculated by FAC and MR-MBPT methods is less than 0.2 eV, while the difference between the calculated energy by FAC and the listed data by NIST is less than 0.8 eV. Actually the comparison of energy levels of our calculated data with NIST data of Cl-like Ar is in better agreement than the NIST energy levels of Ar I.
The electric dipole E1 transitions rates, wavelengths, and oscillator strengths are calculated and listed in Table 5 for only strong optically allowed transitions. They are grouped into 3p-nd, 3s-np and 3d-nf transitions, where 3d -nf is the dominant. The calculated synthetic atomic spectrum of Ar II with Doppler line profile is shown in Figure 4 . We found the intense lines are related to 3p-6d transitions in the spectral range ~ (450-600) Å, 3p-4s transitions in the range ~ (650-750) Å while 3d-nf are the strongest lines in the whole spectral range ~ (450-1550) Å. The upper spectrum in figure 4 is for the whole spectral range, while the lower one is for part of the spectra where the lines other than 3d-nf transitions may appear. All the strong lines in the whole spectral range are identified on figure 4.
Forbidden transitions (multi-pole transitions) are calculated by RCIM of FAC. They are listed for strong strongest transitions in Table (5) . The synthetic spectra for electric forbidden transitions E2 and E3 are shown in figure 5 while the synthetic spectra for magnetic forbidden transitions M1, M2 and M3 are shown in figure 6 . The transitions lines for multipole transitions were identified on the figures 5 
Conclusions
The fully relativistic configuration interaction method (RCIM) of the flexible atomic code is applied to produce atomic data for energy levels and 
